Brenning, Modeling the extraction of sputtered metal from high power impulse hollow cathode discharges, 2013, Plasma sources science &amp; technology (Print), (22) Abstract. High power impulse hollow cathode sputtering is studied as a means to produce high fluxes of neutral and ionized sputtered metal species. A model is constructed for the understanding and optimization of such discharges. It relates input parameters such as the geometry of the cathode, the electric pulse form and frequency, and the feed gas flow rate and pressure, to the production, ionization, temperature, and extraction of the sputtered species.
Modeling the extraction of sputtered metal from high power impulse hollow cathode discharges M I Saadeh (1, 2) , I Pilch (2) , D Söderström (2) , D Lundin (1) , U Helmersson (2) and N Abstract. High power impulse hollow cathode sputtering is studied as a means to produce high fluxes of neutral and ionized sputtered metal species. A model is constructed for the understanding and optimization of such discharges. It relates input parameters such as the geometry of the cathode, the electric pulse form and frequency, and the feed gas flow rate and pressure, to the production, ionization, temperature, and extraction of the sputtered species.
Brenning
Examples of processes that can be quantified by use of the model are the internal production of sputtered metal and the degree of its ionization, the speed and efficiency of out-puffing from the hollow cathode associated with the pulses, and the gas back-flow into the hollow cathode between pulses. The use of the model is exemplified with a special case where the aim is the synthesis of nanoparticles in an expansion volume that lies outside the hollow cathode itself. The goals are here a maximum extraction efficiency, and a high degree of ionization of the sputtered metal. It is demonstrated that it is possible to reach a degree of ionization above 85%, and extraction efficiencies of 3% and 17% for the neutral and ionized sputtered components, respectively.
Introduction:
Hollow cathode discharges have been in use for a long time, and are operated in wide ranges of parameters depending on the intended application. Some examples are high power hollow cathode arcs [1, 2] , medium power hollow cathode glow discharges [3] , and low power hollow cathodes used for space charge neutralization of the exhausts of plasma ion thrusters [4] . In the present work we combine the hollow cathode geometry with the recently developed technique of high power impulse sputtering, introduced 1999 when Kouznetsov et al. [5] proposed it for magnetron sputtering. For reviews of high 2 power impulse magnetron sputtering (HiPIMS) see for instance [6] . In HiPIMS, short high amplitude negative voltage pulses are applied to a sputtering target. The result is a high electron density in front of the target (10 18 -10 19 m -3 [6] ), and a high rate of electron impact ionization of the sputtered species as they pass through this region. By keeping a low duty cycle it is possible to use a momentary power density of up to 10 kW cm -2 without damaging the target. Having the sputtered species ionized makes it possible to control its transport by electric and/or magnetic fields. This controllability is very important in customizing the discharge to maximally suit different applications [6] . In this work, we study high power impulse hollow cathode sputtering (HiPIHCS, pronounced "high-picks") discharges.
Two important differences between HiPIMS and HiPIHCS are illustrated in Fig confinement, process gas heating, and escape of sputtered material through the exit.
The hollow cathode discharge has two important features. First, being trapped inside the hollow cathode, ions participate in the sputtering process more efficiently than in the more open magnetron discharge geometry, which makes it possible to get a super saturated metal vapor in the hollow cathode discharge. Second, the high plasma density and electron temperature inside the hollow cathode increase the probability for sputtered material to become ionized, which makes hollow cathode discharges efficient sources of highly ionized plasma [7] .
The electric field at the exit of the hollow cathode is the key parameter for the extraction of the ionized sputtered species. In a typical hollow cathode direct current discharge there is a limited possibility to control it. In a pulsed discharge there are more degrees of freedom available. Those extra degrees of freedom have a potential of being used to control the discharge characteristics, one of which is the electron pressure gradient at the exit. For cases where the electron pressure gradient term in the Generalized Ohm's law [8] has opposite sign and is larger than the resistive term, a field reversal occurs which is analogous to that sometimes seen in glow discharges between the negative glow and the positive column [9] . The difference between the electron pressure gradient during the pulse-on and the pulse-off times can be large, which affects the strength and can also change the direction of the electric field at the exit.
This paper presents a theoretical model of HiPIHCS discharges, which relates input parameters such as the geometry of the cathode, the electric pulse form and frequency, and the feed gas flow rate and pressure, to the production, ionization, temperature, and extraction of the sputtered species. The use of the model is exemplified with a special case where the aim is the synthesis of nanoparticles in an expansion volume that lies outside the hollow cathode itself, as will be described in the next section. The goals are here a high degree of ionization of the sputtered species and a high degree of extraction. The model is also currently being used, run with a different set of input parameters, for a hollow cathode based discharge for thin films deposition [10] where the optimization goals are different.
The paper is organized as follows. The experiment to be modeled is described in section 2.
Section 3 describes the model construction. The modeling results with emphasis on process gas flow, the degree of sputtered species ionization, and the extraction efficiency are given in section 4. Finally, section 5 gives a summary and discussion. Details of the model are given in appendices A and B. 
The experimental setup
We here apply the model to the setup for copper nanoparticle synthesis shown in figure 2a, where material is sputtered from a hollow cathode. Nanoparticles are formed in an expansion zone outside the hollow cathode exit (see figure 2a) and collected on substrates. The process gas (argon) is fed at a flow rate of 100 sccm through the hollow cathode. The applied pulse is shown in figure 2b . It has an amplitude of 600 V, a repetition frequency of 500 Hz and a duty factor of 1.5% (a pulse duration of 30 µs). The gas in the expansion volume is held at a pressure of p 0 = 133 Pa. The goal is to operate the discharge in a mode that creates a favorable plasma environment for size control and efficient growth of nanoparticles in the expansion volume below the hollow cathode. The desirable environment is described in a patent [11] . There it is shown that a high degree of ionization is beneficial for the growth of nanoparticles because the probability for collection of (positively) charged ions by a (negatively) charged nanoparticle can be orders of magnitude higher than for neutral atoms, which leads to an increase in growth speed [11] . First experiments on size control are reported in [12] .
In this application it is desired to maximize both the sputter production inside the hollow cathode and the extraction efficiencies of metal atoms M and ions M + at the hollow cathode exit. There is also a need to know how to tailor the subsequent drift and expansion in the expansion volume so that the time developments of electron temperature T e , metal atom density n M , and metal ion density n M + can be controlled. The path to achieve these goals can be separated into four stages. First, understanding of the process gas flow patterns associated with the continuous flow and with the pulses; second, modeling the pulse-on internal plasma chemistry in the hollow cathode; third, maximizing the extraction mechanisms; and fourth, controlling the development in the expansion volume. 
Model structure
The model consists of three rotationally symmetric sub models that are applied to different parts of the process volume and are interlocked as described in the caption of figure 3a. A gas flow model (sub model 1)
solves the dynamics of process gas flow, the gas density, and the gas temperature in the whole process volume. A plasma chemistry model (sub model 2) applies only to the hollow cathode, and an extraction model (sub model 3) only to the volume outside of the hollow cathode. The plasma chemistry model has been computed using MATLAB, while the other two sub models have been computed using COMSOL Multiphysics. Although the cathode used in the experiments is made of copper, an aluminum cathode is assumed in the model because of the availability of a reaction data set for aluminum. The heat influx to the process gas by sputtered atoms, and by energetic recombined process gas ions, is used to calculate the pressure increase during the pulse. (3), (4) The flow speed of the process gas and its temperature at the hollow cathode exit, and the densities n M and n M + at the hollow cathode exit, are used to obtain the extraction of the sputtered metal M.
The gas flow sub model is a 2D COMSOL model that solves the fluid flow equations (conservation of mass, momentum and energy) for the process gas. A detailed description of the model and its initial/boundary conditions is given in appendix B. The input consists of the geometry of the hollow cathode and the expansion volume, the pressure in the expansion volume, and the flow rate of the feed gas. The model is first run in steady state case to compute the background flow pattern (the pressure and the velocity before a pulse) which serves as initial conditions for the flow during the pulse. During the pulse, the gas inside the hollow cathode is heated by the flux of the sputtered species and by elastic collisions with electrons, which both are taken from the plasma chemistry sub model. The outputs of the gas flow model are the velocity, the pressure, and the temperature of the gas both in the hollow cathode and in the expansion volume.
The plasma chemistry sub model follows the collision induced volume chemical reactions inside the hollow cathode, and the particle-wall interactions of sputtering and secondary emission of electrons.
The included species are electrons, neutral and singly ionized process gas and sputtered species, and argon atoms excited to the metastable level. The electrons are assumed to have a thermal distribution.
The model computes the development in time, during and after a pulse, of the volume-averaged densities and temperatures of these species. The input consists of the hollow cathode geometry, the pulse parameters I D (t) and V D (t) from the experiment, the initial values of the densities and temperatures, the elastic and inelastic cross sections for collisions, and the sputtering yields and secondary emission coefficients for the surface reactions. This model builds on a series of spatially averaged (zero-dimensional) plasma chemistry models developed for sputtering magnetrons [13, 14, 15] . The model closest to ours is the ionization region model (IRM) of Raadu et al. [15] developed for the ionization region shown in Fig. 1a . The reaction data set for aluminum we use is taken from [15] . The modifications of the plasma chemistry model compared to IRM are summarized in appendix A. Zero dimensional models as this one are attractive because they are easy to implement
numerically and yet accurate. The drawbacks are that this type of model does not include the electric potential structures, the electric fields, or the current conduction mechanisms. It also approximates with averages the spatial variations of species densities and temperatures.
In the plasma chemistry sub model, the electron temperature is modeled using the experimental current the inputs and the outputs of the three sub models and how they are related is given in Table 1 . Table 1 . The input and output parameters of the three sub models.
Model results
In this section the physical processes are described: first the gas flow during and after a pulse, then the plasma chemistry during and after a pulse, and finally the extraction of plasma and sputtered species out of the hollow cathode exit. approximately 250 -950 µs, has values lower than the steady state gas flow. This is a tendency towards back-flow, driven by an under-pressure inside the hollow cathode due to cooling of the gas Sub model Inputs Outputs
The process gas: flow patterns and temperature
Gas flow (sub model 1)
1. Heating during the pulse. 2. Geometry of the hollow cathode and the expansion volume. 3. Feed gas flow and temperature.
Temperature and velocity of the background argon gas (i.e. argon atoms) in the hollow cathode and the expansion volume.
Plasma chemistry (sub model 2) Fluxes of the sputtered species out of the hollow cathode exit (assuming ambipolar diffusion for ions).
after the pulse. The disturbance of the gas flow due to the pulse lasts for about 1000 µs and, at the used pulse frequency of 500 Hz, there are thus no overlapping effects inside the hollow cathode between consecutive pulses. Inside the hollow cathode the gas temperature increases rapidly during the 30 µs long pulse to a maximum of about 1000 K at the end of the pulse as will be shown below. After the pulse it cools down in about 50 µs, mainly due to heat exchange with the walls. The time with enhanced gas temperature inside the cathode maintains a pressure gradient along the hollow cathode, and therefore the gas speed continues to increase also after the end of the pulse at 30 µs as seen in figure 4c. Figure 5 shows the evolution of the gas temperature between the pulses, both inside the hollow cathode and in a part of the expansion volume near the exit. The four sub panels correspond to times 100 µs, 500 µs, 1000 µs, and 2000 µs. Please note that the 100 µs panel has a different temperature scale than the others. Although the pulse ends at 30 µs, its effect in the expansion volume starts to appear first around 80 µs. At that time, a cloud of hot argon gas is blown out of the hollow cathode volume, moves away from the hollow cathode exit and expands longitudinally and radially in the expansion volume. This hot cloud represents a sample of the gas that was inside the hollow cathode volume during the pulse, 10 which means that it carries sputtered species along. The center of the cloud has moved away from the hollow cathode about 27 mm when the next pulse is applied. The velocity field induced by the pulse (not shown here) adds to and perturbs the velocity field of the background flow of figure 4a. Before the time of the next pulse however, the steady flow pattern of figure 4a is restored. 
Plasma chemistry inside the hollow cathode
The plasma chemistry sub model, being zero-dimensional, neglects ( in Fig. 6 . The electron temperature rises suddenly to 2.7 eV when the pulse is applied, and then decreases gradually to 1.8 eV. When the pulse is switched off it drops in a few µs to around 1 eV, and then decreases much slower. The reason for the slow decrease below 1 eV is that, after the pulse, there is a significant population of argon atoms in the metastable level (not shown here). The energy dependencies of electron collisions with atoms in this level are such that above e T ≈ 1 eV energy loss collisions dominate while, for lower temperatures, superelastic (depopulation to the ground state, associated with electron energy gain) become more important. Figure 6b shows the electron density. It starts to rise when the pulse is switched on, peaking at the end of the pulse. When the pulse is switched off it declines with a time constant of about 10 -15 µs. The same description applies to the metal ion density shown in figure 6d . Figure 6c shows the sputtered metal atom density. During the pulse, the sputtering inflow from the walls dominates over the ionization losses ( The ionization percentage of the sputtered metal species is shown in figure 7 , and reaches a value of 85% at the end of the pulse. It increases further after the voltage is switched off, but here the dominant ionization mechanism changes from electron impact ionization to charge exchange and Penning ionization. Note that when the voltage is switched off, the sputtering rate drops to zero, and no new metal atoms are added to the discharge. 
Extraction of the sputtered species.
The sputtered species are in the extraction model (sub model 3) treated as minorities that are carried with, and diffuse relative to, the argon gas flow. This assumption can now be motivated by the fact (see figures 6b and 6c) that both M and M + are minorities with densities typically two orders of magnitude below the argon gas density.
Let us first look at the extraction of neutral sputtered atoms through the hollow cathode exit. We define a momentary metal atom extraction efficiency in % as a function of time as
Here, S exit is the surface area of the exit, S HC is the inner area of the hollow cathode, and the Γ 's denote flux densities for the indicated species and areas. The result is presented in figure 8 . The curve for metal atoms has a narrow peak of almost 10% , , 
Metal atoms Metal ions (ambipolar diffusion)
efficiency a few microseconds after the pulse is applied, but then decreases and drops below 2 % at the end of the pulse. One reason for this decrease is the growing ionization fraction, as shown in figure 7 , which reduces the numerator but not the denominator in Eq. (1). After around 60 µs, the atom extraction efficiency actually becomes negative. Here, metal atoms are returning into the hollow cathode, against the gas flow direction, because the density gradient of the metal atoms has reversed sign and is so large that the diffusive flux inwards dominates over the convective flux outwards. The density is, however, so low that this particle loss is negligible. (1)), and of metal ions (the dashed red line, from equation (2)). 
It is also shown in figure 8 . It reaches 20% during the pulse, and continues to be positive and high also after the pulse. This more efficient extraction is because the ambipolar ion diffusion The ambipolar diffusion assumption above is most crucial at the exit, where the externally applied field is directed so as to drag ions back into the hollow cathode. At this location we can however directly motivate it as follows. Ambipolar diffusion obtains when the current is zero. In this case the current, expressed in the form of the generalized Ohm's law [8] , contains two equally big and opposing terms: one representing the electric conduction and one giving the pressure gradient driven electron flux, 
Here σ is the conductivity, e q is the electron charge, n e is the electron density, and P e is the electron pressure. When J = 0, E is the ambipolar electric field ap E . It is directed so as to keep back the electrons and drag the ions in the direction of decreasing pressure. At the exit of the hollow cathode this direction is during the pulse outwards, opposite to the direction of the externally applied field. The pressure gradient term in equation (3) At the exit of the hollow cathode this means that the electric field reverses its direction compared to the externally applied. In physical terms: the electron pressure gradient at the exit maintains an outwards directed electric field that efficiently extracts ions that are close to the exit. 16 The high extraction efficiency of metal ions can thus be attributed to two effects: the electric field reversal during the pulse and, after the pulse, the extra outwards gas flow due to gas heating (see figure 4 ) that counteracts back diffusion when the density gradient at the exit changes sign.
Experimental verification
The ideal verification of the complete model would be through direct measurements of the ionization ratio and of the extraction efficiency of the sputtered material. At this stage this is not possible but some indirect verification of the separate sub models can be made by other means.
The first lies in the fitting procedure of the experimental current to the modeled current. The plasma chemical sub model is completely locked by the geometry, the initial pressure, the gas and cathode species, and the data set for their interaction. For the fitting of the model to an experimental current there is the only free parameter, the electron heating efficiency fraction, which for energy conservation reasons has to lie in the range 0 For the gas flow and extraction sub models, our means of verification is by comparing the light glow, captured by a CMOS camera, to the computed clouds of hot gas and sputtered species. Figure 9 (a) shows a false-color image taken at an angle to the cathode opening, about 145 µs from the start of the pulse. The color coding corresponds to the light intensity from the plasma glow (the real color is the characteristic green of copper). The picture was captured for a discharge with a slightly lower flow rate than that used in the model (approximately 60 sccm), using a CMOS camera (USB uEye SE) that has a maximum frame rate of 87 frames per seconds and a minimum shutter time of 80 micro seconds. The camera was placed outside the vacuum chamber at an angle of 60 degrees to the horizontal plane. A time sequence of the pulsed discharge is obtained by having a mismatch between the frame rate of the camera and the frequency of the discharge. For this purpose, the camera was operated at 20 frames per second, and the discharge at 501
Hz. A light emitting cloud is seen to travel away from the hollow cathode and diffuse. 
Summary
A model is described that follows the discharge and the sputtering process in high power impulse hollow cathode sputtering (HiPICHS), and also the subsequent extraction of material out of the exit of the hollow cathode. The model is built to relate internal parameters, which are usually not directly accessible by measurements, to external input parameters such as the hollow cathode geometry and material, the feed gas flow, the pulse frequency, and the pulse current and voltage curves. The use of the model is exemplified by a special case where the goal is the synthesis of nanoparticles in an expansion volume outside the hollow cathode itself. The desired outputs of the model are here the ionization ratio of the sputtered species, the extraction efficiency, and the time evolutions of the densities and the temperatures of the different species. The ionization ratio obtained for the case under study exceeds 85%, and the extraction efficiencies of sputtered materials are found to be 3% and 17% for metal atoms and ions, respectively. The model also 18 reveals several physical processes of general interest for pulsed hollow cathode discharges: (1) There can be a significant increase in the extraction efficiency of ions as compared to neutrals due to a plasma-pressure-driven reversal of the electric field at the opening of the hollow cathode during the pulse. (2) Sputtered material is also extracted by an outwards-directed puff of process gas which continues long after the pulse. (3) Back-flow of sputtered material into the hollow cathode after the pulse can be minimized by appropriate combinations of pulse length and feed gas flow. (4) Metastable argon atoms, present in the gas after the pulse, act as an energy reservoir which through superelastic collisions significantly slows down further electron cooling below e T ≈ 1 eV. (5) Outside the hollow cathode the extracted neutral atom cloud diffuses through the process gas by classical diffusion, while the ion cloud expands much faster through ambipolar diffusion.
In summary, our case study demonstrates this type of modeling to be a useful tool to relate external discharge data and experimental parameters to internal features of interest such as:
• The sputtered material density inside the hollow cathode, its temperature, and its degree of ionization.
• The efficiencies of extraction of neutral and ionized sputtered material thought the hollow cathode exit.
• The spatial and temporal evolutions outside the hollow cathode of the temperatures and densities of the process gas, the sputtered species, and the plasma electrons.
Such studies have already been central [12] for the physically understanding of how the size of nanoparticles, grown in the range 10 -40 nm, depends on pulse power, pulse frequency, and duty cycle. In a continuation of that project the focus is changed to modeling an observed increase in nanoparticle growth rate when the electron temperature in the expansion zone is increased. The model has also been used in a separate project on thin film deposition [10] by pulsed hollow cathodes.
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Appendix A. The plasma chemistry sub model
In this appendix the differences between the IRM [15] and the plasma chemistry sub model 2 are discussed in more details; also modifications of the IRM to accommodate for the new conditions are presented.
A main assumption made in constructing the IRM was that the plasma volume is split into three different regions: sheath region, ionization region (where the majority of ionization reactions occur) and bulk plasma region. The IRM and the plasma chemistry model presented here are defined in the ionization regions. To derive the plasma chemistry model from the IRM, certain modifications have to be done to account for differences in the physical description between the magnetron case and the hollow cathode case. There are two main differences between these two cases. First, the hollow cathode discharge is collision dominated while the IRM model is a collision free model. Second, see Fig. 1 , the difference in the surface area of the ionization region facing the bulk plasma volume between the two cases is large. In the IRM almost 70% of the surface of ionization region faces the bulk plasma while in the hollow cathode discharge that percentage is less than 10%.
To account for those differences three major modifications have been done in the plasma chemistry model compared to the IRM. The first modification applies to the density correction factor, which is a dimensionless geometrical factor relating the averaged densities to the densities at the ionization-region/sheath interface. The new factor for cylindrical geometries is given by [16] :
The factor given by equation ( cathode, and k denotes the rate coefficient of the reactions given in literature: ionization (iz) [17] , excitation (ex) [18] , de-excitation (dex) [13] , penning ionization (p) [19] , and charge exchange ionization (chexc) [19] . The third modification is the construction of a new energy equation for the heavy species to replace a kinetic treatment used in the IRM. Since the experimental discharge of investigation is collision dominated, we assume that all the heavy species have the same temperature (T heavy ). The equation for the temperature of all heavy species has been derived from heat equation for ideal gases [20] : term is the heat flux due to energy exchange with the wall. The averaged energy carried per sputtered atom (w M,M and w M,Ar ) was computed using a modified Thompson formula [21] . The average energy of the recombined argon ion returning from the walls has been set to 2 eV [15] . Finally, the modeled current is given by:
where γ M and γ Ar are the secondary emission coefficients due to bombardment by metal and argon atoms respectively. Equation A.5 is only valid during the pulse-on time because it assumes that the electron flux at the cathode's surface is given by the secondary electron emission flux. As soon as the pulse is switched off, the electrons flux from the ionization region toward the cathode increases rapidly causing the discharge current to drop immediately to zero. Computing the electron flux to the walls is outside the scope of this study. 
The plasma chemistry sub model, consisting of 8 ordinary differential equations (5 continuity equations for argon atoms, argon ions, metastable argon, metal atoms and metal ions, two energy equations for electrons and heavy species, and one equation for computing F pwr ) were solved using a MATLAB built in stiff solver (Runge-Kutta based solver). The electron density at every time was calculated from quasi neutrality by adding the densities of argon ions and metal ions.
Appendix B. COMSOL sub models
In this work there were two COMSOL sub models which are the gas flow model and the For the metal ions density, since ambipolar diffusion assumes quasi neutrality condition holds, the drift diffusion equations were solved for electrons. Two equations were solved one for electron density and one for electron temperature:
(B.7) (B.8)
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